Background: Insulin suppresses lipolysis in adipocytes by inducing Egr1 that inhibits expression of ATGL. Results: Stimulation of mTORC1 or genetic ablation of 4E-BP1/2 increase expression of Egr1 regardless of its mRNA levels. Conclusion: Regulation of Egr1 by insulin takes place predominantly at the level of translation via mTORC1/4E-BP. Significance: Translational control of the Egr1 expression explains the role of mTORC1 in regulation of lipolysis.
In mammalian organism, most energy is stored as triglycerides (TG) 5 accumulated in the adipose tissue. Upon TG hydrolysis, fatty acids are delivered by blood to cells and tissues for energy production and the synthesis of most lipids. However, despite their fundamental physiological importance, an oversupply of fatty acids is highly detrimental as it causes a number of pathological effects collectively known as lipotoxicity, which, in turn, provokes and aggravates type 2 diabetes, cardiac dysfunction, hypertension, hepatic steatosis, and other metabolic disease (1) (2) (3) (4) (5) . Therefore, hydrolysis of TG, or lipolysis, is placed under strict hormonal control.
Among the major regulators of lipolysis are catecholamines that stimulate and insulin that restrains lipolysis and promotes TG storage. Recently, we have found that the effect of insulin on lipolysis is partially mediated by mTORC1 (6) that represents a major (or the major) energy and nutrient sensor in the cell (7) (8) (9) and a "critical node in insulin signaling" (10) . mTORC1 decreases expression of the rate-limiting lipolytic enzyme, adipose triglyceride lipase, or ATGL (a.k.a. desnutrin, PNPLA2, TTS2.2, iPLA 2 ) (11) (12) (13) . Using a genetic screen in Saccharomyces cerevisiae, we have determined that the effect of mTORC1 on the expression of ATGL is mediated by the primary early growth response transcription factor Egr1 that directly binds to and inhibits activity of the ATGL promoter (14) .
Egr1 (a.k.a. NGFI-A, Zif268, TIS8, and Krox24) is a zinc finger transcription factor that belongs to the family of primary response genes (15) . Like other members of this family, Egr1 participates in growth control, differentiation, and cancer progression (16 -18) . Interestingly, two polymorphisms in Egr1 have been associated with impaired lipid metabolism in humans (19) , and several recent reports have confirmed that Egr1 is intimately involved in the regulation of lipid metabolism. Thus, in addition to the regulation of ATGL expression (14) , Egr1 has been implicated in adipogenesis (20) , insulin biosynthesis (21) and resistance (22) , and cholesterol biosynthesis (23) .
Previous studies have established that regulation of Egr1 takes place primarily at the level of its biosynthesis and not post-translationally (18) . In particular, expression of Egr1 is rapidly induced by growth factors, neurotransmitters, and various stresses (16 -18) . Since Egr1 mRNA is also up-regulated by various biological stimuli similar to other primary response genes (15) , a general consensus in the field has been that Egr1 expression is largely controlled at the level of transcription (16) . In this regard, it has been shown that the promoter region of Egr1 incorporates five serum response elements, five Ets binding sites, two cAMP response elements, two Sp1 binding sites, an AP1-and an Egr1-binding sites all of which have been shown to participate in the regulation of Egr1 transcription in different cells (16) .
In line with this model, we and others have found that, in adipocytes, insulin increases transcription of the Egr1 gene (14, 24, 25) via the Erk-mediated pathway (this report). Unexpectedly, it turns out that an increase in the Egr1 mRNA is largely dispensable for the up-regulation of the Egr1 protein. The latter takes place primarily at the level of translation via the mTORC1-4E-BP-mediated axis. Increased Egr1 expression in 4E-BP1/2 ablated cells leads to down-regulation of ATGL and accumulation of triglycerides. These results uncover yet another mechanistic connection between mTORC1 and regulation of lipid homeostasis in mammalian cells.
EXPERIMENTAL PROCEDURES
Materials-Antibodies against ATGL, phospho-4E-BP1 (Ser-65), Phospho-p70 S6K1 (Ser-371), Phospho-S6, Phospho-44/42 Erk1/2, 44/42 Erk1/2, p70 S6K1, S6, 4E-BP1, perilipin, actin, as well as PD98059 were purchased from Cell Signaling Technology (Beverly, MA). Antibodies against Egr1, C/EBP␣, and PPAR␥ were from Santa Cruz Biotechnology (Dallas, TX). Antibody against HSL was purchased from Cayman Chemical (Ann Arbor, MI). Horseradish peroxidase-labeled anti-rabbit and anti-mouse IgG, rapamycin, PP242, insulin, bovine serum albumin, protease inhibitors mixture, and actinomycin D were procured from Sigma Aldrich. Bovine serum (BS) and fetal bovine serum (FBS) were from Atlanta Biologicals (Lawrenceville, GA). Dulbecco's modified Eagle's medium (DMEM), DMEM without Methionine and Cysteine, L-Glutamine, Opti-MEM, penicillin, streptomycin, Lipofectamine 2000, TRIzol, and sheep anti-rabbit Dynabeads m-280 were purchased from Life Technologies (Grand Island, NY). Easy Tag TM Express 35 S protein labeling mix was obtained from Perkin-Elmer Life Sciences (Boston, MA).
Cell Culture-3T3-L1 pre-adipocytes were cultured in DMEM supplemented with 10% bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin and 2 mM L-glutamine. Two days after confluence, cells were incubated in the differentiation medium (DMEM with 10% FBS, 1.67 M insulin, 1 M dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine). After 48 h, differentiation medium was replaced with DMEM containing 10% FBS. 4E-BP1/2 double knock-out (DKO) mouse embryonic fibroblasts (MEFs) were a kind gift of Dr. Sonenberg (26) , TSC2 knock-out MEFs were a kind gift of Dr. Manning (27) . Knock-out MEFs and their littermate control wild-type MEFs were maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, and 2 nM L-glutamine.
Promoter Luciferase Assay-The human Egr1 promoter luciferase construct (kindly provided by Dr. Gerald Thiel, University of Saarland Medical Center, Homburg, Germany) and the ATGL promoter luciferase construct (28) were transfected along with the pEGFP-N1 vector (0.1 g) into ϳ80% confluent HEK293T cells or ca. 50% confluent mouse embryonic fibroblasts plated on 6-well dishes using Lipofectamine 2000. After 48 h, cells were harvested in the reporter lysis buffer (Promega Inc.). Luciferase activity in cell lysates was assayed using Luciferase Assay Kit (Promega). Luciferase expression and pEGFP fluorescence was measured in a Synergy HT Microplate Reader (Biotek, Winooski, VT). Luciferase activity was normalized by EGFP fluorescence to obtain relative Egr1 promoter activity.
Immunoisolation of the Egr1 mRNA-Cells were washed three times with PBS and harvested in 10 mM HEPES, 1 mM EGTA, 100 mM KCl, 10 mM MgCl 2 , 1 mM PMSF, 0.1% Triton X-100, 1 M leupeptin, 10 units/ml RNAsin Plus, pH 7.4 prepared in diethyl pyrocarbonate-treated water. Cell extracts were incubated with rabbit antibody against 4E-BP1 or nonspecific rabbit IgG and sheep anti-rabbit Dynabeads overnight at 4°C on the orbital shaker. Next day, the beads were washed four times with the same buffer, RNA was harvested using TRIzol reagent, and subjected to the qPCR analysis as described below.
RNA Extraction and Quantitative PCR-Total RNA was extracted from cells using the TRIzol reagent. Reverse transcription of 500 ng total RNA was performed using random decamers (RETROscript kit; Ambion, Austin, TX), and the gene expression was determined by quantitative PCR (MX4000 Multiplex qPCR system; Stratagene, La Jolla, CA). Reactions were performed in triplicate in the total volume of 25 l containing 2.5 l 1:10-diluted cDNA, 1ϫ SYBR green master mix (Brilliant II SYBR Green qPCR Master Mix; Stratagene), and gene-specific primers (CCACAACAACAGGGAGACCT and ACTGAGTGGCGAAGGCTTTA for Egr1). Gene expression was normalized by GAPDH with the following primers: AACTTTGGCATTGTGGAAGG and GGATGCAGGGAT-GATGTTCT. Gene expression was measured using ⌬⌬Ct method. Deoxyribonuclease-treated samples and no-template controls were analyzed in parallel experiments to confirm specificity.
siRNA Treatment-cells were transfected with 100 nM of siEgr1 Smartpool ON-TARGETplus (Dharmacon Inc., Lafayette, CO) using Lipofectamine 2000 according to manufacturer's protocol.
Egr1 Biosynthesis-WT and DKO MEFs were cultured in 35-mm dishes overnight. Cells were then incubated in methionine, cysteine, and glutamine-free DMEM medium with 10% serum for 4 h and labeled with [ 35 S]methionine/cysteine using EasyTag TM Express 35 S Protein Labeling Mix (110Ci/ml) and glutamine (2 mM). Following labeling, cells were washed with PBS three times and harvested in RIPA lysis buffer (20 mM Tris, pH 7.4, 120 mM NaCl, 1% Triton, 1 mM EGTA, 1 M aprotinin, 2 M leupeptin, 1 M pepstatin, 5 mM benzamidine). Total cell lysates (3 l) were applied onto Whatman 3MM filters and air dried. Dried filters were immersed in a beaker with ice cold 5% trichloroacetic acid for 15 min with gentle shaking. The procedure was repeated three times. After that, filters were additionally washed with 95% ethanol for 10 min, dried at 90°C for 15 mTORC1 Controls Egr1 Expression min, placed in scintillation vials with 9 ml of the scintillation mixture (MP Biomedicals, Santa Ana, CA). Radioactivity was measured in a scintillation counter (LKB Wallac 1217 Rack Beta, Mount Waverly, Australia) and normalized by protein content.
Cell lysates (500 g) were immunoprecipitated with Egr1 antibody and anti-rabbit Dynabeads overnight at 4°C on an orbital shaker. Beads were washed twice with RIPA buffer and once with PBS; proteins were eluted with Laemmli sample buffer and separated by 10% SDS-PAGE. The gel was incubated in fixative (40% methanol, 7.5% acetic acid, and 10% glycerol) for 30 min, dried using a Model 583 Gel Dryer with hydro-Tech TM Pump (Bio-Rad) for 2 h and exposed with the HyBlot ES Autoradiography film (Denville Scientific Inc., South Plain Field, NJ) at Ϫ80°C overnight. The film was developed in the Konica Minolta SRX-101A processor (Ontario, Canada).
Western Blotting-Cells were lysed in RIPA lysis buffer and protein concentration was measured with Pierce BCA Protein assay reagent (Thermo Scientific, Rockford, IL). Samples (usually, 40 g per lane) were separated by SDS-PAGE and transferred onto an Immobilon-P-membrane (Millipore Corp, Bedford, MA). The membrane was blocked in 5% BSA in PBS with 0.5% Tween 20 for 1 h and incubated overnight with specific antibodies at 4°C. Next day, membrane was washed three times in PBS with 0.5% Tween-20 and incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibody. The membrane was washed extensively, and the protein bands were visualized with the enhanced chemiluminescence substrate kit (PerkinElmer Life Sciences, Boston, MA) using a Bio-Rad ChemiDoc Image Station (Hercules, CA).
TG Staining-Cells were washed with PBS and fixed with formaldehyde (3.7%) in phosphate-buffered saline (pH 7.4) for 15-20 min. Fixed cells were stained with Oil Red O solution (60:40 v/v dilution in water) for 1 h, followed by two washes with water. Alternatively, cells growing on poly-L-lysine coated coverslips (Neuvitro, Germany) were fixed and stained with BoDiPY 493/503 (Life Technologies). A stock 1000ϫ solution of BoDIPY 493/503 was prepared at the concentration 1 mg/ml in ethanol and stored at Ϫ20°C in the dark. Cells were incubated with BoDIPY diluted in PBS for 30 min with gentle shaking, washed three times with PBS, and mounted on slides using Prolong Gold Antifade mounting media with DAPI (Life Technologies). Slides were examined with the help of the Axio Observer Z1 fluorescence microscope equipped with C10600/ ORCA-R2 digital camera (Hamamatsu, Japan) and AxioVision 4.8.1 (Carl Zeiss, Thornwood, NY).
Statistics-Student's paired two-tailed t test was used to evaluate the statistical significance of the results. Fig. 1A shows that the activity of the Egr1 promoter in HEK 293 cells is increased by insulin in a PD98059-dependent fashion suggesting that the Erk-mediated pathway plays a major role in the regulation of Egr1 transcription by insulin. Correspondingly, treatment of 3T3-L1 adipocytes with insulin causes a significant increase in the Egr1 mRNA and protein (see also (14, 24, 25) ). Surprisingly, PD98059, while completely blocking Erk activation and preventing a rise in the Egr1 mRNA, has only a 20% effect on insulin-stimulated increase in the Egr1 protein ( Figs. 1, B and C) .
RESULTS
On the contrary, the mTORC1 inhibitors, rapamycin and even more so PP242, dramatically suppress expression of the Egr1 protein but have an opposite action on the Egr1 mRNA ( Fig. 2) . We suggest that the latter effect may be related to the well-known inhibitory role of mTORC1 in insulin signaling described by us and others (29 -36) , so that inhibition of mTORC1 potentiates insulin action. In fact, a recent paper has demonstrated that PP242 activates Erk in multiple myeloma cells (37) .
To further explore the role of mTORC1 in the expression of Egr1, we have measured levels of Egr1 mRNA and protein in TSC2-null MEFs that have hyperactive mTORC1 (38) . We have found that these cells have higher levels of the Egr1 protein despite the lower levels of Egr1 mRNA (Fig. 3, A and B) . Of note, the activity of the Egr1 promoter is higher in TSC2 null MEFs in comparison to wild type cells (Fig. 3C ). This moderate increase may be attributed, at least in part, to elevated levels of Egr1 in TSC2-null MEFs, since Egr1 can increase activity of its own promoter ( Fig. 3D ). To clarify a discrepancy between the activity of the Egr1 promoter and levels of cognate mRNA, we measured its stability in wild type and TSC2-null MEFs. We found that the Egr1 mRNA is significantly less stable in latter cells (Fig. 3E ), which may explain data shown in Fig. 3A .
One hypothesis that can potentially explain our results is that mTORC1 increases expression of Egr1 primarily at the level of translation. In support of this idea, we have observed that the 5Ј-UTR of the Egr1 mRNA has a high degree of the secondary structure ( Fig. 3F) with the estimated folding energy 103.56 kcal/mol as predicted by the RNAfold program Vienna RNA Package. Thus, translation of the Egr1 mRNA should require an mRNA helicase, such as eIF-4A (39) . Furthermore, the 5Ј-UTR of the Egr1 mRNA contains several CCCC/GCGCCC motifs that represent a recently discovered hallmark of eIF-4A-dependent transcripts (40) . eIF-4A, along with the scaffold eIF-4G and the cap-binding protein eIF-4E, form the multi-subunit complex eIF-4F which is recruited to mRNA via the interaction between its cap structure and eIF-4E. Activity of the latter is controlled by the inhibitory eIF-4E-binding proteins (4E-BPs 1 & 2) that, in turn, are phosphorylated and inactivated by mTORC1 (41) . Thus, according to our hypothesis, translation of the Egr1 mRNA should be regulated by mTORC1 via the 4E-BP1/2-mediated pathway. To test this idea, we immunoprecipitated the Egr1 mRNA using the antibody against 4E-BP1 from wild type and TSC2 null MEFs treated and not treated with insulin ( Fig. 3G ). We found that, under basal conditions (white bars), significantly less Egr1 mRNA is associated with 4E-BP1 in TSC2 null MEFs, than in wild type control, and insulin administration (black bars) decreases 4E-BP1 binding to the Egr1 mRNA in both cell types.
Next, we analyzed the expression of Egr1 mRNA and protein in 4E-BP1/2 double knock out (DKO) MEFs (26) . Similar to TSC2 null MEFs, DKO MEFs have lower levels of the Egr1 mRNA and higher levels of the Egr1 protein than wild type controls (Fig. 4, A and B) . We then studied the rate of protein biosynthesis in control and DKO MEFs by 35 S labeling. As expected, incorporation of radioactive precursors into the total protein fraction was higher in the latter case ( Fig. 4C ) although no apparent qualitative changes in the set of de novo synthesized proteins were detected (Fig. 4D) . Nonetheless, the efficiency of Egr1 translation was much higher in DKO MEFs than in wild type MEFs (Fig. 4E) . Interestingly, insulin stimulates Egr1 transcription in DKO cells, but has only a small effect on the Egr1 protein (Fig. 4, F and G) , probably because it is already close to its maximum level due to the ablation of 4E-BP1/2. Thus, our data strongly suggest that mTORC1 activates translation of Egr1 mRNA via the 4E-BP-mediated mechanism. In general, it appears that to increase the expression of Egr1 in adipocytes, insulin activates two independent signaling pathways simultaneously: the Erk-mediated pathway that up-regulates the Egr1 mRNA (Fig. 1) , and the mTORC1-4E-BP mediated pathway that enhances its translation ( Figs. 3 and 4) .
Still, the inhibitory analysis shown in Figs. 1 and 2 suggests that the mTORC1-mediated pathway plays a more important role in the regulation of Egr1 expression by insulin, than transcriptional control. To test this idea, we have identified a compound that increases Egr1 mRNA but, unlike insulin, does not up-regulate mTORC1. This drug is the selective agonist of the abundantly expressed in adipocytes cannabinoid receptors CB1, ACEA. In cultured 3T3-L1 adipocytes, ACEA and insulin have a similar effect on the Egr1 mRNA (Fig. 5A ). However, ACEA has no effect on the activity of mTORC1 hence expression of the Egr1 protein (Fig. 5B ).
As we have recently shown, Egr1 directly binds to the ATGL promoter and inhibits ATGL expression suppressing lipolysis and promoting triglyceride accumulation (14) . Therefore, Egr1-rich DKO MEFs should express less ATGL and contain more fat, than control cells. Indeed, we have found that the activity of the ATGL promoter ( Fig. 6A) as well as the content of the ATGL mRNA ( Fig. 6B) and protein (Fig. 6C ) in DKO MEFs is decreased, while fat storage in these cells is increased (Fig.  6D ) in comparison to wild type MEFs. Since expression of the 
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adipogenic transcription factors C/EBP␣ and PPAR␥ and the adipogenic marker FSP27 is not altered in DKO MEFs in comparison to wild type cells (Fig. 6C) , we suggest that accumulation of fat in DKO MEFs takes place regardless of differences in cell differentiation induced by the ablation of 4E-BP1/2 (26) and is mediated by the Egr1-mediated decrease in ATGL expression. Thus, we knocked down Egr1 in DKO MEFs with the help of siRNA. As expected, treatment with Egr1 siRNA lead to a significant increase in ATGL expression ( Fig. 6E ) and a corresponding decrease in fat accumulation in cells (Fig. 6F ). Based on these results, we conclude that the newly discovered regulatory connection between 4E-BP1/2, Egr1, and ATGL links mTORC1 to TG storage.
DISCUSSION
The emerging role of mTORC1 in lipid homeostasis has captured the attention of many labs involved in the metabolic research (42, 43) . In particular, we have recently shown that mTORC1 mediates the effect of insulin on lipolysis in mammalian adipocytes by suppressing the expression of the rate-limiting lipase, ATGL, at the level of transcription (6) . Importantly, the regulatory connection between TOR and ATGL orthologs is conserved in evolution from yeast (14) through Drosophila (44, 45) to mammals (6) , and as such should be essential for the regulation of metabolism. In S. cerevisiae, the effect of TOR on the expression of the functional ortholog of ATGL, Tgl4p, is mediated by the transcription factor Msn4p, and in mammalian cells this function belongs to the Msn4p homologue Egr1 (14) .
Regulation of Egr1 (16 -18) just like other primary response genes (15) is thought to take place at the level of transcription. In line with this concept, we have previously shown that TOR increases transcription of Msn4 in S. cerevisiae (14) . Therefore, we have first thought that in adipocytes, mTORC1 controls expression of Egr1 also at the level of transcription. This, however, proved not to be the case ( Figs. 2A and 3, A-E) . Instead, we have found that mTORC1 increases translation of the Egr1 protein via the 4E-BP1/2-mediated pathway. To the best of our knowledge, we present the first evidence for the role of mTORC1 in the control of Egr1 expression. At the same time, mTORC1 is known to regulate translation of c-Myc (46, 47) , c-Fos (48) , and other primary response proteins (49) . These observations establish the role of mTORC1 in the formation of primary and stress response (50 -52) .
A legitimate question is why the effect of mTORC1 on the well-studied Egr1 expression has not been uncovered in other cell types? One explanation is that, in other cells, mTORC1 plays only a permissive role in the Egr1 expression, whereas in adipocytes and MEFs, its role is the rate-limiting. In other words, we think that cell specific variations in the activity of signaling pathways that control transcription and translation are crucial for the control of Egr1 expression.
Our findings shed new light on the molecular mechanisms that underlie the role of mTORC1 in the regulation of obesity and lipid metabolism. Thus, Le Bacquer et al. have reported that combined genetic ablation of 4E-BP1 and 4E-BP2 increases adiposity in mice on normal and high fat diet in vivo (26) . Interestingly, basal triglyceride biosynthesis did not change in DKO mice, whereas basal lipolysis was significantly lower despite absence of detectable changes in catecholamine-regulated hormone-sensitive lipase and perilipin. The authors have concluded that reduced lipolysis could be a major contributing factor to the development of obesity in DKO mice, although the molecular mechanism of this effect remained obscure. Here, we have shown that the link between knock-out of 4E-BP1/2, down-regulation of lipolysis, and fat accumulation is likely to be explained by the Egr1-mediated inhibition of ATGL expression. Indeed, previous studies have reliably established that ATGL is responsible for the bulk of triacylglycerol hydrolase activity in various cells and represents the rate-limiting lipolytic enzyme. In other words, in every experimental model tested thus far, including DKO MEFs analyzed in this report, attenuated ATGL expression decreases lipolysis and promotes fat storage while elevated ATGL expression increases lipolysis and decreases the size of TG stores (6, (11) (12) (13) (53) (54) (55) (56) (57) (58) (59) .
In addition to suppression of lipolysis, Le Bacquer et al. have uncovered another reason for the elevated TG accumulation in DKO null MEFs: an increased adipose differentiation (26) . Importantly, conversion of pre-adipocytes to fully differentiated adipocytes in vitro requires specific culturing conditions used by Le Bacquer et al., but not in our study. In fact, our results shown in Fig. 6C demonstrate that, under our experi- 48 h after transfection, cells were trypsinized and plated on coverslips for another 24 h. After that, cells were washed three times with PBS and stained with BoDiPY (green) and DAPI (blue) (panel F). Knock-out of 4E-BP1/2 promote fat accumulation by increasing adipose differentiation (26) and via the Egr1-ATGL axis (this report) (panel G). Panels A-F show representative results of at least two independent experiments; *, p Ͻ 0.05; **, p Ͻ 0.01. mTORC1 Controls Egr1 Expression mental conditions, expression levels of the key differentiation transcription factors, C/EBP␣ and PPAR␥ and other markers of differentiation, such as FSP27, in DKO and WT cells are similar. Furthermore, elevated expression of Egr1 has been associated with decreased differentiation of cultured adipocytes (20) . Therefore, 4E-BP1/2 may control fat accumulation via two independent mechanisms: by changing adipose differentiation (26) and via the Egr1-ATGL axis described in this report (Fig. 6G) .
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